Figure 1: Net-pay indicator extracted from two versions of a seismic dataset. For the version with no low-frequency model, the linear fit to net pay breaks down above 30m. A novel method of noise attenuation for 3D seismic data is presented, which allows targeted filtering of selected parts of the frequency spectrum. Originally developed to remove noise at low frequencies, for improved impedance inversion, it has also successfully been used to attenuate residual multiple energy. Several examples are given from the North Sea.
Introduction
An increasing amount of seismic analysis is carried out in the impedance domain -either acoustic or elastic. Particularly for quantitative work, it is important to use the greatest possible bandwidth, including both high and low frequencies. Figure 1 shows an example of the effect of insufficient low frequency content on seismic-to-well matching.
In addition, noise at low frequencies can have an adverse impact on time-lapse seismic matching and interpretation. Figure 2 shows the match between two vintages of data over Forties field, as a function of frequency; the match deteriorates significantly below 13Hz, forcing the use of a harsh low-cut filter.
Therefore, a method was sought that would preferentially attenuate random noise at low frequencies, allowing the maximum possible bandwidth to be retained. Frequency slice filtering was developed as a logical progression from time slice filtering, which has been in successful use in BP for several years (Garossino, 1993) .
The Filtering method
The basic technique, known as "frequency slice filtering", or FSF, is straightforward: a 2-D smoothing filter applied in the complex X-Y-Frequency domain. The strength of smoothing varies with frequency and is controlled by the processor. The advantage is that a noise problem specific to a particular frequency range can be targeted without affecting the rest of the data. In general, the lower the frequency, the longer the dominant spatial wavelength of signal. This, together with the deteriorating signal at low frequencies, means that we expect to apply stronger filters at lower frequencies. 1) A 1D FFT is applied to the time window of interest.
2) The XYF volume is examined to determine the frequency ranges to be targeted for noise attenuation.
3) A smoothing filter (e.g. a 2D median) is applied to each targeted frequency slice, the remainder of the data being passed unchanged. 4) The inverse FFT is applied.
In practice, any 2D filtering process could replace the smoothing filter, depending on the type of noise to be attacked.
FSF operates in the same domain as FXY decon (Gulunay, 1986) , applying areal smoothing, rather than a complex predictive filter. The advantage over FXY decon is its highly controllable nature, with respect to frequency and filter type, which allows precise targeting of particular noise problems. 
Forties example
The Forties field started production in 1977, and is one of the pioneers in the use of time-lapse seismic for field management. The reservoir comprises a series of Tertiary turbidite channels. When inverted to impedance, time sections show steeply-dipping low frequency noise ( figure  3a ), which appears as random noise on low frequency slices. Normally a low-cut of 12Hz is used to remove this.
Frequency Slice Filtering was applied to the data, using the parameters given in Table 1 . The resulting impedance section is shown in figure 3b . Note the removal of the low frequency blotchiness, and the improved event continuity. Faults, for example between 1.2s and 1.4s, are well preserved. 
Ravenspurn example
Ravenspurn North field in the Southern North Sea started production in 1990. It is a gas reservoir in Permian fluvial/aeolian sands; porosities average 15%, but reservoir quality varies considerably across the field. Because of these low porosities, estimating reservoir quality from the seismic is difficult, and processing was needed to improve the signal-to-noise.
FSF was applied to the reflectivity volume, using the parameters in Table 1 . The filtered data was then inverted to AI and has been used to assist in facies and porosity mapping. Figure 5 shows results in section and map form. Note in particular that the AI is much cleaner, and retains good structural conformance. Figure 6 : FSF results for Ravenspurn data. 5a and 5b are details of time sections, before and after filtering, respectively. 5c and 5d are maps of AI averaged over the reservoir interval (red picks). Low impedance is in yellow, high in blue.
Ormen Lange example
The final example is from the Ormen Lange survey in the Norwegian North Sea. Data in this area suffers from severe multiple problems, and after standard multiple attenuation, there is considerable residual diffracted multiple energy. In the example section, this completely obscures primaries below the first water-botom multiple arrival. These diffractions are higher frequency than the underlying signal, so FSF is applied using a median filter over the frequencies at which the multiple energy predominates. Figure 6 shows an example inline from the migrated DMO stack before and after filtering. The residual multiple is removed, revealing the primaries. Events in the shallow section are not damaged, and the signal-to-noise of high frequencies in the deeper section is improved.
Conclusions
The Frequency Slice Filtering technique provides a powerful method of noise attenuation targeted at precise parts of the frequency spectrum. Any noise train that is amenable to spatial filtering can be attacked. Specific applications are low frequency noise removal and residual multiple attenuation. FSF may also be used pre-stack to condition data prior to AVO attribute generation.
Figure 5: Ormen Lange data before and after FSF. The diffracted multiple energy appears as high-frequency noise over the relatively low frequency primaries, and thus can be isolated and removed.
